Introduction

54
Natural 'free-living' microbial communities and those in association with animal or plant hosts are 55 exemplified by complex and high-density species interactions, being composed of dozens (e.g.,
56
certain insect hosts) 1 
120
Encapsulation and growth measurements of randomized pair-wise strain combinations.
121
To develop a system to infer potential species interactions in a complex microbial community we 122 studied randomized pair-wise growth of dispersed community-derived cells, without or with 123 intermixed specific bacterial inoculants, and on a variety of externally added substrates (Fig. 1, 124 
137
one of the inoculants (Fig. 1 ).
139
We tested four different inoculants (P. 
144
( Fig. 2, Fig. S1 ). The size of Pve and Eco cells at time of inoculation in the beads was slightly 145 6 larger than that of Ppr and Ppu and that of a (typical) SC-cell after extraction from soil (Fig. S1 ).
146
To estimate the maximum number of cell divisions, we compared the maximum microcolony area 147 range after 24-72 h of growth for the inoculant compared to that at time of inoculation (Fig. 2 ).
148
Assuming a round microcolony with densely packed cells, the observed increase of 50-100-fold
149
would correspond to maximum cell numbers of approximately 450-1000 from a single starting Pve
150
or Ppr cell (~9-10 generations). Importantly, our method thus enabled us to isolate ecological 151 processes (i.e., species interactions) from evolutionary processes that occur over longer time-
152
scales, such as the appearance of genetic changes that could modulate growth properties.
153
Microcolonies from encapsulated cells from the sand community also increased in size over time 
163
Aggregate productivity in the presence or absence of inoculant.
164
In order to compare the total productivities across the various incubations as aggregate properties 165 of all beads, but considering that the assays had varying amounts of beads, we normalized the 166 observed biomass growth (as particle area times fluorescence intensity) on a per-bead basis for extract' and toluene may be different than for mixed-C or succinate (both at 0.1 mM C), we cannot 173 test for this significance.
7
Although different in individual experiments and at singular time points (e.g., Fig. 3 
185
The per-bead productivity increased statistically significantly in two out of five Pve+SC cocultures 186 compared to Pve alone, in case of the mixed-C substrates (Fig. 3A, Fig. S2 on the y-axis, we could see that around two-thirds of SC-SC partnerships are dominated by one 315 big and one small microcolony (i.e., more than two-fold size difference). In about one-third of cases,
316
both SC microcolonies inside single beads are less than two-fold different (Fig. 6A, B Table 2 ).
337
Most strikingly, the sand community as a whole ( 
352
Our results suggest that the majority of interactions between inoculants and SC-cells in close
353
proximity are highly imbalanced, with SC-cells increasing their mean productivity by a factor of 354 100 and inoculants losing productivity by a factor of 100 (Fig. 5, Fig. S3 ). These imbalanced
355
interactions are neutral with respect to total productivity (i.e., distribution of summed SC+inoculant
356
bead productivities does not surpass that of inoculant alone, Fig. S4 
367
However, results from beads of co-occurring SC-SC pairs within the same experiment (Fig. 6) 
368
suggest that also among the sand community itself, it is largely profitable for productivity to be with 
375
that show higher-than-additive productivities (i.e., mutualistic interactions) in pair-wise random 376 incubations in close proximity (Fig. 6D ).
378
One of our initial assumptions was that inoculants would specifically favor SC productivity in the 379 case of xenometabolic complementation (here: toluene) and less so for general available 380 substrates. SC productivity was overall impaired on toluene in comparison to other substrates (Fig.   381 4B). Although we did find a strong positive effect of the two toluene-degrading inoculants Pve and
382
Ppu on SC growth in pair-wise analysis (Fig. 5A) , this was not very well visible in the mean bead 383 productivities (Fig. 4B) , and the proportion of non-growing SC-cells even slightly increased (Table   384 2), suggesting that the beneficial effects may be limited as a result of the nature of the specific 385 metabolites which are leaking from toluene-metabolizing cells (e.g., catechols). To our surprise,
386
however, the inoculants were also extremely beneficial for SC-productivity on the other types of 387 carbon substrates (Fig. 5B, Fig. S5 , 
443
Eco cultures were incubated at 37°C for 24 h with rotary shaking at 180 rpm. After 24 h, the cells
444
were harvested and washed for bead encapsulation, as described below.
446
Soil resident microbes
447
We chose sand as the source of the microbial community (which was hereafter named soil 448 community or SC). The sand was collected fresh for each experiment from a beach of St. Sulpice
449
near Lake Geneva (GPS coordinates: 46.508032 N, 6.544050 E) as described in Moreno et al 29 .
450
Of note is that the sand was taken at different seasons and sampling times and may thus have 
485
Agarose bead encapsulation
486
Quantified inoculant and SC cells were mixed in 1:1 ratio in a 1 ml microcentrifuge tube, such that
487
both contained approximately between 2×10 7 and 10 8 cells ml -1 . As controls, batches of the 488 inoculant-only or SC-only suspensions were used, each again between 2×10 7 to 10 8 cells ml -1 .
490
To prepare beads in a size range of 40-70 µm, we used a procedure of rapid mixing of agarose- 
515
were washed with an additional 5 ml of PBS, and any smaller beads in the filtrate that stuck to the 516 bottom side of the cell strainer were gently removed by absorption with a Whatman 3M filter paper.
517
After this, the sieve was inverted and placed on top of a clean 50 ml Falcon tube. 1.5 ml of 518 incubation medium (MM with the respective carbon substrates, see below) was used to collect the 519 beads from the sieve into the tube. Per interactome mixture, two tubes were prepared in parallel,
520
which were pooled in the same final Falcon tube to yield a total volume of 3 ml that was split in 521 
535
Toluene was provided by partitioning from an oil phase. We diluted pure toluene 1000 times in 
538
Mixed-C solution was prepared by dissolving 16 individual compounds (Table S2) 
542
the mixed-C was diluted to 0.1 mM C final concentration in MM (total volume per vial again 5 ml).
543
Sand extract was prepared by extraction with pre-warmed (70°C) sterile milliQ-water. A quantity 544 of 100 g sand was mixed with 200 ml milliQ-water in a 250 ml Erlenmeyer flask and swirled on a 545 rotatory platform for 15 min, after which it was subjected to 10 min sonication in an ultrasonic bath
546
(Telesonic AG, Switzerland). Sand particles were sedimented and the supernatant was decanted,
547
and passed through a 0.22-µm vacuum filter unit (Corning Inc.). This formed the 'sand extract', of 548 which 4 ml was added directly to the 1 ml bead suspension in the vials.
549
For incubations with succinate, we added 4 ml of MM with 0.02 mM sodium succinate to each vial.
20
Vials were incubated at 25 °C under rotary shaking at 110 rpm (to prevent too much settling of the 551 beads), and were sampled for bacterial growth at regular time intervals (start, 6 h, 24 h, 48 h and 552 72 h).
554
Bead sampling and microscopy
555
For sampling, the vials were removed from the incubator and beads were spun down at 1200 rpm 
577
For each time-point and experimental replicate, the phase contrast, mCherry, and SYTO-9 images
578
were read using the imread function built in MatLab (version 2016b, MathWorks inc., USA). To
21
identify the beads on each image, sharp changes in intensity were detected in the phase-contrast 580 images using the edge function. Individual beads within a specific radius range were then identified 581 using the imfindcircles function. In the next step, the microcolonies inside each bead were 582 identified, by thresholding and segmenting the mCherry and SYTO-9 images, exclusively within 583 the identified bead areas. mCherry and SYTO-9 images were further aligned to identify 584 microcolonies in SYTO-9 having mCherry signal, which corresponds to the inoculant. Overlapping 585 signals were considered to originate from an inoculant colony if the area overlap between two 586 channels was greater than 30%. Else, the areas were considered to consist of both inoculant and 587 SC cells. All microcolonies were thus differentiated as corresponding to inoculant (mCherry plus 588 SYTO-9 signal) or SC (SYTO-9 only), after which their area, fluorescence intensity and inter-
589
particle distance (within the bead) were calculated.
590
Results were summarized for each incubation and time point to comprise the following information:
591
(i) total number of beads for each of the treatments (SC-cell only, inoculant only, or SC plus 592 inoculant); (ii) the product of the particle pixel area times its SYTO-9 fluorescence intensity (we 
597
The 
